Recent observations have implicated the vomeronasal (accessory olfactory) system in the chemosensory control of rodent social behaviors. The purpose of this study was to observe the effects of peripheral vomeronasal organ extirpation on sexual behavior, aggression, and urine marking in male mice. Relative to sham-operated control animals, mice lacking vomeronasal organs displayed significantly reduced levels of copulatory behavior and intermale aggression. Urine marking rates were not reduced. The peripheral removal of the vomeronasal organ resulted in complete bilateral deafferentation of the accessory olfactory bulbs but spared the peripheral input to the main olfactory bulbs as evidenced by the lack of anterograde vomeronasal nerve transport but normal anterograde olfactory nerve transport of intranasally applied horseradish peroxidase. Neither body weights, paired testes weights, nor seminal vesicle weights of mice with vomeronasal system lesions differed significantly from those of control animals. Thus, an intact vomeronasal organ is important for the normal display of sexual behavior and aggression in male mice, and the reductions in these androgen-dependent behaviors following peripheral deafferentation of the vomeronasal system cannot be attributed to a chronic reduction of gonadal hormone secretion.
Abstract
Recent observations have implicated the vomeronasal (accessory olfactory) system in the chemosensory control of rodent social behaviors. The purpose of this study was to observe the effects of peripheral vomeronasal organ extirpation on sexual behavior, aggression, and urine marking in male mice. Relative to sham-operated control animals, mice lacking vomeronasal organs displayed significantly reduced levels of copulatory behavior and intermale aggression. Urine marking rates were not reduced. The peripheral removal of the vomeronasal organ resulted in complete bilateral deafferentation of the accessory olfactory bulbs but spared the peripheral input to the main olfactory bulbs as evidenced by the lack of anterograde vomeronasal nerve transport but normal anterograde olfactory nerve transport of intranasally applied horseradish peroxidase. Neither body weights, paired testes weights, nor seminal vesicle weights of mice with vomeronasal system lesions differed significantly from those of control animals. Thus, an intact vomeronasal organ is important for the normal display of sexual behavior and aggression in male mice, and the reductions in these androgen-dependent behaviors following peripheral deafferentation of the vomeronasal system cannot be attributed to a chronic reduction of gonadal hormone secretion.
Chemosensory stimuli and the olfactory system influence reproductive physiology and behavior in a broad range of mammalian species. Numerous examples of these influences are known. Male mice excrete androgen-dependent urinary compounds that accelerate puberty in young conspecific females (Vandenbergh, 1967 (Vandenbergh, , 1969 Kennedy and Brown, 1970; Zarrow et al., 1970; Bronson and Desjardins, 1974) , synchronize estrus among noncycling adult females (Whitten, 1957; Marsden and Bronson, 1964; Bronson and Dezell, 1968; Bronson and Whitten, 1968; Whitten et al., 1968) , and block pregnancy (Bruce, 1959; Bronson and Eleftheriou, 1963) . Moreover, ovulation may be induced in female rats by the urine of conspecific males (Johns et al., 1978) . Similarly, females of many mammalian species produce stimuli that acutely alter the reproductive status of conspecific males. Male mice (Macrides et al., 1975; Coquelin and Bronson, 1980) , rats (Purvis and Haynes, 1974; Kamel et al., 1975 Kamel et al., , 1977 Kamel and Frankel, 1978) , rabbits (Saginor and Horton, 1968; Haltmeyer and Eik-Nes, 1969) , bulls (Katongole et al., 1971) , and hamsters (Macrides et al., 1974) show acute rises in circulating luteinizing hormone (LH) and/or testosterone (T) levels when stimulated by conspecific ' females. Chemical stimuli frequently serve as sexual attractants. Moreover, the gonadal hormonal status of both the sender and receiver often affects the production of and the responses toward such compounds (Bruce, 1965; Leshner, 1978) .
Damage to olfactory structures impairs a range of reproduction-related and social behaviors. Thus, female mice and hamsters fail to build nests or display maternal care following bilateral olfactory bulbectomy (Gandelman et al., 1971 (Gandelman et al., , 1972 Zarrow et al., 1971; Vandenbergh, 1973; Marques, 1979) . The bilateral removal of the olfactory bulbs retards copulatory behavior in male rats (Heimer and Larsson, 1967; Bermant and Taylor, 1969; Larsson, 1971 ) and in females of a variety of rodent species (Moss, 1971; Thompson and Edwards, 1972; Edwards and Burge, 1973; Vandenbergh, 1973) . Indeed, such lesions completely eliminate sexual behavior in male hamsters (Murphy and Schneider, 1970; Winans and Powers, 1974) and male mice (Rowe and Edwards, 1972; Rowe and Smith, 1973; Edwards, 1974) . In addition, olfactory bulbectomy generally blocks a wide range of pheromonally mediated responses (Leshner, 1978) and eliminates intraspecific aggression in male mice (Ropartz, 1968; Rowe and Edwards, 1971; Denenberg et al., 1973; Neckers et al., 1975; Bean, 1982a) . Unfortunately, in addition to producing anosmia, such central lesions also disturb multiple neural subsystems within the brain (Alberts, 1974; Cain, 1974; Hirsch, 1980; Hall and Macrides, 1983) . Accordingly, the particular neural subsystems mediating specific behaviors often cannot be defined.
Peripheral receptor neurons within the vomeronasal organ (VNO) innervate the accessory olfactory bulb (AOB) and are anatomically independent of the olfactory receptor neurons within the olfactory epithelium, which project to the main olfactory bulb (MOB) (Barber and Raisman, 1974; Wysocki, 1979) . The MOB and AOB, in turn, have distinct projections to more central structures (Scalia and Winans, 1975; Macrides and Davis, 1983) . Efferents of the AOB project into amygdaloid and basal forebrain areas which are heavily labeled by radioactive gonadal steroids and which have been implicated in reproductive functions (Winans and Scalia, 1970; Wysocki, 1979) . Accordingly, it is believed that the vomeronasal system plays a role in reproduction (Winans and Scalia, 1970; Scalia and Winans, 1974; Wysocki, 1979; Lehman et al., 1980; Lehman and Winans, 1982) . Indeed, vomeronasal system lesions disturb sexual behavior in male hamsters (Powers and Winans, 1975; Meredith et al., 1980) and ultrasonic courtship vocalizations in male mice (Bean, 1982b; Wysocki et al., 1982) . Moreover, damage of the vomeronasal system blocks a variety of pheromonally mediated responses in mice including pregnancy block (Bellringer et al., 1980) , puberty acceleration (Kaneko et al., 1980) , estrus suppression (Reynolds and Keverne, 1979) , and the female-elicited LH/T surge in males (Wysocki et al., 1983; Coquelin et al., 1984) .
In the present study it was hypothesized that male mice with selective vomeronasal system lesions would show impaired mating behavior and impaired urine marking, a behavior associated with the dissemination of pheromones (Desjardins et al., 1973) . Furthermore, it was hypothesized that male mice with such lesions would show reduced levels of aggressive behavior. This is because such responses are strongly dependent upon chemosensory stimulation (Mugford and Nowell, 1970; Connor, 1972) . Moreover, previous research has demonstrated a reduction in aggressiveness among male mice as a consequence of vomeronasal system damage (Bean, 1982a) . Accordingly, the behavioral consequences of selective peripheral deafferentation of the AOB were studied. Specifically, the VNO was extirpated from male mice, and copulatory behavior, aggressive behavior, and urinary marking were observed. The extent of peripheral deafferentation of the AOB and the sparing of the olfactory nerve input to the MOB were verified by examining the anterograde transport of intranasally administered horseradish peroxidase (HRP). Mesulam, 1978; Rosene and Mesulam, 1978; Mesulam et al., 1980) . Coronal, 40-pm-thick frozen sections were taken through the olfactory bulbs and every section containing the AOB was saved. Free-floating sections were reacted in a medium containing tetramethyl benzidine and 1% HZ02 (Mesulam, 1978; Rosene and Mesulam, 1978, Mesulam et al., 1980 Health and endocrine status. Body weights, seminal vesicle weights, and paired testes weights are presented in Table I . Body weights did not differ significantly between the two groups at the time of sacrifice. The paired testes weights of SHAM and VOX animals were not significantly different; neither were the seminal vesicle weights of the two groups found to differ significantly.
Sexual behavior. Table II depicts the sexual behavior of SHAM and VOX mice when tested with ovariectomized females. Most animals in both groups attempted to mount the ovariectomized, nonreceptive stimulus females, and in this respect the groups did not differ significantly.
However, VOX mice were significantly slower to initiate mounting attempts than were SHAM mice (U = 11, n, = 7, n2 = 8, p < 0.05). Moreover, VOX mice tended to make fewer mounting attempts than did SHAM animals (U = 25.5, nI = 10, n2 = 10, p < 0.06).
When the animals were tested with sexually receptive stimulus females, a similar pattern of results emerged. Mice with lesions displayed less vigorous copulatory behavior than did sham-operated animals. These results are given in Table III . The VOX mice made significantly fewer mounts than did the SHAM animals (U = 23.5, nl = 10, n2 = 10,~ < 0.043), although neither the proportion of males that mounted nor the mount latencies differed significantly between the two groups. Moreover, VOX mice made significantly fewer intromissions (U = 23.5, n, = 10, n2 = 10, p < 0.029) than did SHAM animals. The proportion of males within the two groups that intromitted and ejaculated did not differ significantly (p = 0.06), although the trend is in the expected direction (2 of 10 for the VOX group and 7 of 10 for the SHAM group). All mice ejaculated with females before surgery. After receiving sham operations, there was no significant reduction in the proportion of SHAM males that intromitted and ejaculated (p > 0.05). In contrast, a significant fraction of the VOX males that had intromitted and ejaculated prior to surgery failed to do so after surgery (p < 0.008). Urine marking. Urine marking rates did not differ significantly between experimental and control animals. All mice, regardless of experimental group, were observed to urine mark. The mean urine marking rate (& SEM) of VOX males was 105 + 25 droplets. The urine marking rate of sham-operated animals was 98 f 16 droplets.
Aggressiue behavior. Table IV displays the intermale aggressive behavior of VOX and SHAM mice. All SHAM mice engaged in some form of aggressive behavior, be it either tail rattling, biting, or chasing. In contrast, only five VOX mice displayed any form of aggressive response. In this respect, VOX mice differed significantly from controls (p < 0.05). Similarly, as indicated in Table IV, a significantly smaller proportion of VOX than of SHAM mice displayed tail rattling (p < 0.05), biting (p < 0.02), or chasing (p < 0.02). In no case were stimulus males observed to initiate fighting, nor did they fight back if attacked. Two of the VOX males attempted to mount stimulus males late during the aggression tests. No VOX or SHAM males exhibited any fighting when stimulus females were presented during sexual behavior tests.
The behavior of the few VOX males that fought with stimulus males was, in general, indistinguishable from that expressed by SHAM mice. Thus, Table IV is constructed to emphasize the dichotomous nature of the VOX population. Specifically, mean response rates are expressed for each experimental population in two ways: first, as an average based upon the scores of only those mice that displayed specific responses, and second, as a group average based on 10 mice per group. When statistical calculations were based upon the scores of only those animals that responded, no significant group differences emerged. However, when statistical comparisons were based upon a population of 10 animals in each group, VOX males w&e found to bite (U = 23, n, = 10, n2 = 10, p < 0.035) and chase (U = 22.5, nl = 10, n2 = 10, p < 0.035) significantly less frequently than SHAM animals.
Discussion
Removal of the VNO produced a highly specific peripheral deafferentation of the AOB and resulted in marked reductions of social behaviors in male mice. As judged by the heavy, bilateral anterograde transport of intranasally applied HRP within the olfactory nerves to the glomerular layer of the MOB, animals in both the VOX and SHAM groups had functional main olfactory systems. Unlike the situation among VOX mice, in which the peripheral input to the AOB was virtually eliminated, SHAM animals had functional vomeronasal systems as judged by the heavy, bilateral anterograde transport of intranasally applied HRP within the vomeronasal nerves to the AOB glomerular layer. This pattern of group differences replicates previous observations that VNO afferents project to the AOB (Barber and Raisman, 1974) . Peripheral deafferentation of the AOB resulted in significant reductions of copulatory behavior, a novel finding in male mice. In addition, the lesions significantly reduced the number of animals that displayed aggressive responses. Because urine marking patterns were not aggression cannot be attributed to a generalized behavioral There are several potential explanations for the behavioral impairment or performance decrement. The vomeronasal syseffects of VNO excision. These various possibilities, which are tern may thus be implicated in the control of copulatory and not necessarily mutually exclusive, bear upon the role played aggressive behavior in mice.
by the vomeronasal system in the ultimate expression of sexual
behavior and aggression in male mice. First, the reduced behavioral levels might have occurred because the lesions produced a chemosensory deficit that rendered VOX mice less able to detect conspecifics or to discriminate their gender. Second, in view of the close anatomical relationship between the vomeronasal system and amygdaloid and basal forebrain areas which have been implicated in the regulation of gonadal hormone secretion, peripheral AOB deafferentation might have produced chronic androgenic hormonal changes and a secondary alteration in the behavioral tendencies of the mice with lesions. Third, the vomeronasal system might contribute to behavioral arousal affecting the predisposition to engage in sexual or aggressive displays, perhaps by acutely modulating central neurochemical levels. Several observations suggest that male mice lacking VNOs detected conspecifics and discriminated their gender. Most of the VOX mice attempted to mount receptive stimulus females and appeared to detect and approach them just as rapidly as the SHAM males. There was no significant difference in the mounting latencies of VOX and SHAM animals when tested with receptive females. Moreover, VOX mice appeared to discriminate between conspecific males and females since they rarely attempted to mount stimulus males and never fought with either receptive or unreceptive females. In a companion report (Coquelin et al., 1984) it is demonstrated that most VOX mice responded appropriately to conspecific ovariectomized females by exhibiting reflexive LH pulses. Nevertheless, unlike sham-operated male mice, animals lacking their VNOs failed to respond with reflexive hormonal surges when presented with urine obtained from conspecific females (Coquelin et al., 1984) . This pattern of results emphasizes the role of the VNO in the reception of relatively specific chemosensory social cues but also suggests that other sensory systems contribute to the detection and social discrimination of conspecifics themselves. Although male mouse sexual behavior (Champlin et al., 1963; McGill and Tucker, 1964; Edwards and Burge, 1971a, b) and aggression (Beeman, 1947; Edwards, 1969) are androgen dependent, chronic alterations in androgenic hormonal secretion cannot account for the impairments of VOX mice in their sexual and aggressive displays. No detectable differences in androgen-dependent organ weights were found between VOX and SHAM male mice in this study or in a recent study by Wysocki et al., (1982) . Moreover, the failure of VNO extirpation to alter urine marking patterns, which is also an androgendependent behavior (Maruniak et al., 1977; Bronson, 1979) , suggests that the changes in sexual and aggressive behavior were not due to chronic alterations in androgenic secretion. Furthermore, neither resting plasma testosterone levels (Wysocki et al., 1983) nor the normal pulsatile pattern of basal LH release (Coquelin et al., 1984) appear to be affected by VNO extirpation in male mice. Our behaviofal observations are consistent with the interpretation that male mice lacking VNOs recognized conspecifics but were less behaviorally aroused by them than were SHAM animals; i.e., the VOX mice less frequently fought with males or mounted, intromitted, and ejaculated with females, but rarely exhibited behaviors inappropriate to the gender of the stimulus animals. These behavioral results complement our finding that the female-elicited elevation of circulating LH, although it occurred reliably in VOX mice, was modestly but significantly lower in its overall mean magnitude for the VOX animals as compared to the sham-operated mice (Coquelin et al., 1984) . Although it is possible that group differences in aCute hormonal responses to conspecifics contributed to the less robust social behavior of VOX males, it is more likely that such hormonal differences are secondary to neurochemical changes in VOX males and to reductions in their degree of behavioral arousal (cf. Macrides et al., 1977; Kream et al., 1984) . For example, in comparison with other regions of the male mouse olfactory bulb, luteinizing hormone-releasing hormone (LHRH) is especially heavily concentrated within the posterior dorsal zone, the area occupied by the AOB (Dluzen and Ramirez, 1983) . Moreover, LHRH-immunoreactive fibers are widely distributed within the vomeronasal system (cf. Macrides and Davis, 1983) . Within 15 min of being exposed to either conspecific stimulus males or females, significant elevations of LHRH occur in posterior dorsal but not anterior dorsal sectors of the male mouse olfactory bulb (Dluzen and Ramirez, 1983) . Therefore, it is possible that the removal of the VNOs disturbs LHRH pathways or interferes with the acute regulation of LHRH, a neuropeptide which has been implicated in the regulation of gonadotropin secretion and sexual behavior (Moss et al., 1975) . The possible involvement of LHRH in the control of aggressive behavior has not yet been investigated. However, the current results, together with the recent finding that exposure to conspecific males elevates LHRH within the posterior dorsal male mouse olfactory bulb (Dluzen and Ramirez, 1983) , raise the possibility that LHRH may also be involved in the regulation of intermale aggression.
Our behavioral results indicate that male mice detected, socially discriminated, and responded to conspecifics through the use of multiple sensory systems including the vomeronasal system. It is currently widely hypothesized that many social behaviors shown by rodents are dually mediated by neural systems associated with the AOB and MOB. For example, such dual mediation appears to be important in male hamster copulatory behavior, since mating was completely eliminated by dual peripheral olfactory system lesions which disturbed both the olfactory epithelium and the vomeronasal nerves but was partially spared when the lesions involved only one of these peripheral chemoreceptive systems (Powers and Winans, 1975; Winans and Powers, 1977) . Neural systems associated with the AOB and MOB might jointly participate in the mediation of male mouse copulatory behavior and aggression. At present, too few data relative to this hypothesis are available to make conclusive statements concerning male mouse sexual behavior (cf. Edwards et al., 1972; Rowe and Smith, 1972) . However, dual peripheral olfactory system lesions produced by damaging the olfactory epithelium with intranasally applied ZnS04 and simultaneously transecting the vomeronasal nerves intracranially almost completely eliminated fighting shown by male mice (Bean, 1982a) . Moreover, the dual lesions were more
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Procedural differences between the current study and that of Bean (1982a) must be considered before it may be concluded that neural systems associated with the AOB and MOB jointly participate in the mediation of male mouse aggression. Bean (1982a) reported that all male mice with vomeronasal system damage showed a 50% to 100% reduction in their aggressive displays relative to their presurgical levels. In contrast, the mice in the current study were less uniformly impaired, in that half fought normally. In producing vomeronasal nerve damage, Bean (1982a) necessarily damaged the main olfactory bulbs, since an instrument was lowered into the main olfactory bulbs to transect the vomeronasal nerves. In contrast, because a peripheral surgical approach was employed in the current study, damage to the main olfactory system was prevented. Olfactory bulb damage has been shown to produce numerous neurochemical and degenerative alterations within the central nervous system, and thus, behavioral impairments associated with olfactory bulb damage cannot necessarily be attributed to sensory impairment, per se (Alberts, 1974; Cain, 1974; Hirsch, 1980; Hall and Macrides, 1983) . Peripheral AOB differentiation accomplished by intracranial vomeronasal nerve transection may also be confounded by disruption of multiple neural and/or neurochemical systems due to direct bulb damage. In conclusion, the vomeronasal system is importantly involved in the expression of sexual behavior and aggression in male mice. Peripheral extirpation of the VNOs in male mice produced a specific deafferentation of the AOB and significantly lowered copulatory and aggressive behaviors but did not interrupt the ability to discriminate the gender of conspecifics nor alter androgen-dependent organ weights. Thus, the behavioral changes produced by VNO ablation appear not to be due exclusively either to reduced chemosensory acuity or to indirect, androgen-mediated effects. Instead, our behavioral observations are consistent with the interpretation that male mice lacking VNOs were less behaviorally aroused than were shamoperated animals. Disturbances in LHRH pathways or with the acute regulation of LHRH might be partially responsible for these behavioral effects. Finally, neural pathways associated with the AOB and MOB might jointly mediate sexual and aggressive displays shown by male mice.
